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SUMMARIES
PART 1—SUMMARY

During the first phase of this study, the effect of repetitive exposurea to acceleration on spinal dynamics of subhuman
primates, such as possible bone strength variations or predisposition to spinal injuries, was investigated. In this phase of the
program, two young adult male baboons (Papio anubis) were lightly anesthetized (tranquilized) with ketamine hydrochloride
and placed in specinlly designad restraint chairs side-by-side on the animal platform of the AFAMRL Dynamic Environment
Stimulator (DES), a man-rated centrifuge. They were exposed 1o 10 oycles of 4G, for 30 seconds with 45.second intervals at
1.5G, twice per week for 26 weeks, Electrocardiograms, heart rate recordings and TV cameras were used 10 monitor the
animals, Following 6 months of acceloration on the centrifuge, the animals were euthanized; and their apinal columns were

excised for biomechanical strength evaluation in the second phase of the program.

PART 2—~SUMMARY

A review of the literature on tho effects of hypergravity on the skeletal system, mainly in lower animals, revealed great dif:
ferences among different investigators, The study of apinal dynamics of higher animals under centrifugation has been rela
tively neglected, Nu previous systematic study was conducted to delineate the influence of acceleration un vertebral bone
strength. Consequently, the second phase of the study was conducted to analyze vertebral bone strength of the two baboons
that were centrifuged during phase 1. Each vertebra was subjected to axial compressive loading at the rate of 8.89 % 10°*
meter/sec (21 inches/min) on a materlal testing machine, The data were analyzed on a PDP:11/34 computer and compared
10 data obtained previously from four non-centrifuged baboons of the same age, weight and sex. Eight strength (material
property) variables were evaluated: stiffesa, ultimate load, displacement to uliimate load, ultimate engineering stress,
energy to ultimate load, yleld load, displacement to yield load, and engineering yield stress, Although none of the results of
these mechanical strength tests wan conclunive, there was a consistent trend, indicating that centrifugation at this level and
for this time period has a weakening effect on spinal vertebrae of baboons. This preliminary study makes it feasible to
repeat the experiment using more animals under better controlled conditions to determine if the vertebral changes are

reproducible and stutistically significant,
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PREFACE

The research covered in this report was performed at The Air Force Aerospace Medical Research Laboratory (AFAMRL),
Wright-Patterson Air Force Base, Ohio, in support of Project 2312V318, **Effects of Prolonged Acceleration of Spinal
Dynamics,”’ with Dr. A.R. Slonim as principal investigator.

Part 1 of this study concerned experiments conducted on the Dynamic Escape Simulator (DES), Dr, Slonim is a
member of the B{odynmic Effects Branch and Dr. Veghte, Mr. Souder, and Mr. Frazier are membars of the Acceleration Ef:
fects Branch, both branches are part of the Blodynamics and Bioengineering Division, AFAMRL. The authors acknowledge the
valuable assistance of the following in handling the baboons for this study: 8Sgt Kevin T, Jackson, 88yt Stephen Vinal, AIC
Carol Carlson, SSGt David Cushing and othors of the Veterinary Sciences Division, Mary Jo Nieaer, student aides Charles Silas,
George Yewey and Dan Powers, Dr. A.T. Kissen and Mr, Alva A. Karl, Special thanks are due Mrs. Nieaer, and Mr, Silas for their
long record of assistance throughout this study. In addition, the assistance of Mr, Vance D. Skowronski, numerous military and
contractor personnel enguged in operating the contrifuge is gratefully acknowledged. This part of the study was supported by
Eomnct ll"386|5-77-C-0515 with Systems Reaearch Laboratories, Inc., and contract F33615.80.C.0500 with Raytheon

orporation.

Part 2 of this study involved the biomechanical testing of each baboon vertebra on a material test system and data analysis on a
PDP-11/34. Part 2 was supported in part by contract F33615.78.C-0506 with the University of Dayton Research Inatitute,
Dayton, Ohio, Both authora are members of the Biodynamic Effects Branch of AFAMRL.
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PART 1: ACCELERATION

A. R. Slonim, PhD
M. E. Souder
J. H. Veghte, PhD
J. W. Frazier

INTRODUCTION

The effects of accelerative stress on man have been studied extensively for many years; major emphasis has been on cardiovas-
cular, respiratory, metabolic and visual effects, On the other hand, in studies of hypogravity (prolonged bedrest, immobilization
and weightlessness), the ekeletal system has received major attention. Although the effects of acceleration or hypergravily on
bone in animals have been reported in recent years, their implication to humans has not been adequately considered ar even
mentioned in various literature reviews (cf., e.g., Fraser, 1966; Vasil'yev and Kotovskaya, 1973; Kotovskaya et al,, 1977; US Air
Force, 1979). The question ix raised whether or not personnel who are continually exposed to accelerative forces become more
vulnerable to spinal trauma. The new generation of faster, higher.G-performance aircraft have muade it increasingly important
to determine if repetitive exposures (o acceleration have an effect on spinal dynamics (e.g., hone strength variations) or cause
debilitating to serioun spinal injuries to aircrew members.

An investigation was initiated to study this problem in baboons (Papio anubis), whose spinal geometry resembles that of
man. An acceleration profile was selected for the baboons that would be stressful, but at a level low enough to preclude the
development of serious physiological disturbances so that testing could be continued throughout a 6.month period. This
study consists of two major parts: the acceleration experiment and the postmortem biodynumic evaluation of the spine, Part
1 covers the results of testing two adult baboons simultaneously on a centrifuge twice weekly for six months and comparing
them to two control baboons. The results of extensive mechanical sireas testing of the baboon vertebrue are disrussed in

part 2.

TEST ANIMALS

Four adult male baboons of approximately the same size, 22.32 1h (1018 kg), were selected for this study. The animals were
quarantined and maintained in good health at the animal facility of the Veterinary Sciences Division, AFAMRL. Two of
them served as test animals by being centrifuged for 6 months, and two seeved as controls by remuining under vhservation
in the animal facility without exposure to any biodynamic siress during the test period. Early in the study, one contrul {No.
F.18) and one test (No, F-02) baboon were replaced by other baboons. Bubuon F.02 severely injured his sem in his cage, re-
quiring surgery. He was replaced by Babvon F24 in the third week of the program. Gontral Baboon F:18, because of his
very sminll wize, was needed for another experiment und was repluced by Baboun F-20, Nevertheleas, the data reported
herein cover 26 weeks of observation for all animals under control or test conditiona,

The two test baboons were lightly sedated with ketamine hydrochloride in o dose that varied from 100 to 40 mg intramus.
culurly per animal per experiment throughout the 26-week study. The dose was usually (but not always) at the lower range
level us the animal became more adjusted to the study with time. The dose was given just before transporting the animals
from the animal facility to the centrifuge building, Here the two animuls were hrought fiest inte a surgical preparation room
and prepared for placement into individual restraint systems, as shown in Fig. | (Oloff and Finch, 1978), Following this the
babuons were curried immediately to the centrifuge room.
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Figure 1. Position of Primate in Restraint System and Direction of Acceleration Load (+ G)
{modificd after AMRL-TR-78-88]

CENTRIFUGE PREPARATIONS

In the preparation room, the two restraint systems weee put side-by-side on a large table. Each animal wak pluced in i
ansigned resiraint system as soon aw it was brought into the rootn. The chests of the animals were shuved and cleaned with
alcohol, Medi-Trace® disposable electrocardiographic electrodes were used and arranged in a stundard precordial 3-eud
placement, with the ground lead over the sternum (MXV, positions), Preassigned leads! cables connected the electrodes to
monitoring equipment used in conjunction with the centrifuge, Plastic shields were taped all around the bottom (distul end)
of the restraint system to contain urine and feces. Syringes of ketamine (100 mgiml) were ready if it became necessary to
tranquilize the animals further before the test began,

Both harnessed babouns were placed side-by-side (with their restraint systems bolted down) on the animal platform of the

centrifuge, the Dynamic Environment Simulator (DES). This platforin is located at a radius of 20.5 feet on the DES and op-

posite the arm that extends to the cab for human subject tests, Becaune of slight size differences between the two restraing
systems, one being a alight modification of the other, und to minimize monitoring errors, each system was placed on the
name side of the platform with the same unimal throughout the study. A smiall partition (panel) was inserted between the
two systems to reduce distraction between the animals. The assigned (aumbered) ECG leads were connected vin long cables
to the proper amplifier receptacie and checked in the medfcal monitoring room. The two test babvons in position un the
centrifuge, with their ECG electrodes in place, are shown in Fig. 2,

3
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Platiorm of Cennfuge (MES).
Aatformm showing his ECG

Figure 2. Baboons in Position on Animal
verrnides v ith wining

A, Oune baboon in place on one-half ol

B.  Both baboons being cemtrifuged as seci through catiera sonnted on e ob centrituge.
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MONITORING

The animaiy were monitored i the medical monitoring room, overlooking the centrifuge, Eleettocardiogrioms (ECG), heart
rate and visual ohservations were used toassess the physiological state of the animals, The ECG signals went first to a
preamplifier located on the animal platoem, then through one set of (two) slip rings along the aem of the DES o the
monitoring oo, where they fed into a processing amplifier. The processing amplitier, which controls the amplitude of the
signals from the medical monitor consele, processed the owtput signads o several recording wnd display desiees, One ouput
signal went toa cardiotwhometer that counted the eart rate (off the ECGY and converted it 1w s digivad readont an g
ponter o provade an average Olasceond heart rate Another autput was divided and displaved on awo osefloscapess A thard
autput fed anto o Brosh (Mack 200, by Clevine) Behannell stripechiant revorders this provided apermanent eecord ot the
ECG, time and aceeleration profile. The option of picking up the output on a tape recorder was not used for this stndy, A
TV camera mounted on the animal platform trransmitted pictures through o cable vin another set of slip rings to the
monitoring room, where they were displuyed on several TV sereens, A console that presented a digital display on g sereen
of acecleration in RPM units from start o tinish wan also used, Figure 3 shows the monitoring equipment.

W2 R A

Figure 3. Medieal Monitoring Roum Overlookhing Centrituge

[, Brushstripchart recorder

2 Cardintachometers: A instantancous R outpat
B, average 60see LR, vutput
A Digital printer (heart rate)

}. GG monitors

5. TV monitor.

. DES test director's console

Ubservation window
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ACCELERATION PROFILE

The uperation of the centrifuge, or DES, in accordance with a specific ucecleration profile was accomplished by a computer
program, using a PDP-1), in another rvom overlooking the centrifuge.

Two baboons were expused W +G | acceleration simuliancously twice per week for a period of 6 months (26 weeks). This
occurred usually at 1:00 PM on Tuesdays and Thursdays of each weck, The accelerution profile, shown in Fig. 4, consisted
of ten repetitive platesus of 4 G, (23.5 RPM) each lasting 30 seconds and separated by resting intervals of 1.5 G, for 45

seconds. The unset of acceleration and deceleration was at the rate of 0.3 G per sccond. At the termination of each cen-
in sedated to temove their ECG leads, detach their restraint system, and return them to

trifuge test, the animals were nv
the animal holding facility, the Vivarium, until the next experiment, After the second centrifuge run of the week, however,
radiographs of the skeletal system were waken of each animal; this was accomplished weekly for the duration of the study.

G () (a) 09

Figure 4. Acceleration Profile. (Numbers under curve represent time in neconds; those in brackets represent peaks {10 at + 4G,)
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RESULTS AND DISCUSSION

The two test baboons tolerated well the exposure to the 4 G, acceleration prafile twice weekly for 26 weeks. An the animals
became more adjusted to the experiment, the smount of ketamine necessary for sedation at the start of a centrifuge run was
redured ahout 50%, from 100 10 50 mg L., ufter 6 weekss oceasionully, the dosage had to be increased to the 60-80 mg level, or
one baboun (F-32) required 10-20 mg more than the other (F-24) in four of the centrifuge tests in the fust month. Both animals ex-
hibited erratic electrocardiograms during acceleration, which was especially pronounced over the first few months of the atudy.
The cardiovascular data on these same baboons are currently being evaluated; any significant findings will be reported later.

Routine anterior/posterior und luteral X-rays were taken of the test baboons, usually after the second centrifuge run of the week,
The X-rays verified that both test animals were approximatley the same nge: each showed two molars (on the right side) that had
not surfaced through the gum. The control baboons also fit in this category. One of the test baboons (F-24) exhibited an enlarged
heart that became more pronounced with time. The same baboon also showed radiologically some spinal changes, such as a loss
of intervertebral dise spuce height, an approximation of the posterior vertebral surfaces and, generally, a loss of burder align.
] ment from the Ty to T spinal levels. This radivlogical ohscrvation was not clearly demonstruted at all times. Some disparlty in
% the X-rays was noted ut the transition line of the spinal column due in part to hyperextending the baboon spinal column on the
X-ruy table und due sometimes 10 the questionable quality of sume of the radiograms. Therefore, n standard radiographic pro-
cedure that incorporates stricter control of body positioning for X-ray evaluation will have to be instituted in a follow-on study.
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f the preceding radiological observation to human subjects undergoing similar long-lerm exposures
biodynamic evaluation of the spines of these baboons appeared warranted and was undertaken (as
presented in part 2), ‘The apinal columns of the test baboons (F-24 and F-32) were excised and cleaned of ligamentous at
tachments, ete.; and the vertebrae T, 1o L, were each strength tested at one loading rate (8.89 x 10" meter/sec) and grouped
ulso into six. column positions for duta unalysis. The results were compared to the gnlu obtained previvusly from four non-
centrifuged baboons of the same age, sex and weight, The following dependent variables concerning the material properties of
the thoracic and lumbar vertcbrae, T, = L,, were analyzed and compared as a function of column position: stiffness, ultimate
load, displacemer. to ultimate load, ultimate engineering stress, encrgy 10 ultimate loud.Jield load, displacement to yield load,
and engineering yicld stress. A typical test curve is shown in Fig. 5; the test specimen load ia plotted, as ordinate, versus the
specimen displacement, as abiscissa (Kazarian and Graves, 1979). The aforementioned material property characteristics of the
vertehrae of the two test buboons were analyzed by a mechanical {esting machine and conipared to those of the non-centrifuged
baboons. The detailed results are reported in part 2 of this study. We think it is relevant, thetefore, to repeat/extend this experi:
ment using more baboons under better controlled conditions t increase the sample size und confirm that any spinal changes are

real, not drug-induced, and statistically valid.
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Figure 5. A Typical Load versus Displacement Teat Curve.* {after AMRL-TR-79-8)

*For more deiail see Figure 6.
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PART 2: BIOMECHANICAL ANALYSIS '

A. R, Slonim, PhD
L. E. Kazarian, Dr Ing

INTRODUCTION

The effects of a hypergravity environment on the skeletal system have received major attention only within the past 15 years or so.
Many of these studies generally have heen in agreement with Wolff’s Law of Bone Growth, viz,, that an increase in stress to bone
results in growth of its stressed elementa. However, the results reported in the literature by various investigators using mainly
rodents and birds exposed to centrifugation have heen quite varied, contradictary in some cases, and very complex especially in
regard to bone alterations, The reasona for this may depend on the nature and extent of the hypargravity state; the animal

. species, nge, sex and hone remodeling rate; and, to some extent, the control conditions of the study. The complex differential
responase of bone 1o gravity and some of the contradictions reported in the literature are discussed.
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: 8. D. Smith (1975) using 3-month-old rats, raised as a third generation of constantly centrifuged animals, and two different
groups of control rats, ane for earth (| G) and one for rotation (1.08 G), showed the following differential response 1o femurs of
. . rats exposed to 2 G: a decreased length and length/diameter ratlo, increased cortical thickness/diameter ratio, and ossification of
L the femur head being slightly advanced but the distal epiphyseal plate being thinned, Negulesco and Clark (1976) found that
1-week-old female chicks (Rhode Island Reds) exposed to 2 G showed a decreased fraciured radial length, weight and a smaller
proximal epiphyseal diameter, Negulesco (1976) reported also that there was a significant decrease in the average weight of both
intact and fractured radil of female chicks exposed to 2 G for 2 weeks. Note that the length of intact rudli was no decreased as
were fractured radial length, weight and epiphyseal-diaphyseal diameter in the Negulesco study. Thia conflicts with the results of
Oyama and Zeitman (1967) and 8. D. Smith (1975), who reported that intact femoral length of rat was decreased by chronie cen.
trifugation, and A, H, Smith (1972), who reported that humeral length of chickens increased rather than decreased upon chronie
acceleration, Negulesca (1976) attributed tr\e difference in results to the use of older animals and longer centrifugation time. A,
H. Smith and Kelly (1963), who also worked with chronically centrifuged chickens, reported that femoral size increased hut
osseous mase was smaller than that of control animals, Except for differences in length of intact radil, Negulesco’s work gen-
erally supported the findings of Oyama and co-workers (1967, 1973), who reported that a decreased femoral muas, length, mid-
shaft diameter and body weight oceurred in chronically centrifuged female ruts, On the other hand, Jankovich (1971) stated that
bone development of rats as a function of age appeared unaffected by 'ow G farces from 1.5 to 2.5 G; however, he did observe a
slower longitudinal bone growth in these centrifuged rats, Negative (no effect) results were reported also for chickens by Riggina
and Chucko (1977), who exposed Single Comb White Leghorn adult males 1o centrifugation varying up to 3 G over an 18-week
period.

Wunder snd co-workers in u series of studies evaluating the fenur-bending propertios of hypergravity reported that young male
rata (58 wks old) centrifuged to 3 G for up to 65 days increased their ability to sustain bending forces, which was attributable 10
increased atrength of material rather than boue size or shape and to young age where experimental bone material seemed 10
grow lo maturity better thun in mature rats (Wunder, Cook et al., 1977). This sume 3-G stress also increased the femur-bending
properties in mice, but had less offect (50%) on the smaller animals (mice) than on rats; Le., the femurs were not us large or as
strong in mice as in rata (Wunder and Welch, 1977). Furthermore, mice at 4 G exposure did not show the sume effect upon the
femur's supporting ability us mice at 3 G. The 4 G mice (as with 3 G rats and mice) showed relatively weaker male hones but
larger size than the controls; thua, the 3 G femurs should be better able to support deereased body mass In mice than the 4 G
femurs, [t appears that the oplimum field for development of the femur's supporting ability is below 4 G with mice and may be
helow 3 G; this has led Wunder 1o propose further studies 10 establish o linear range of this **effective vs, field-intensity relation.
ship." Wunder (1977) ulso reported that a greater degree of femoral weakneas under excessive hypergravity existed with male
than with female mice.

8. D. Smith (1977), using earth and rotation controls and rats of both sexes as previously (1975) except not derived (**selected™)
from three generations of centrifuged rats, reported that 2 G up to 16 weeks caused decreused femoral length, reduced femoral
diameter, decreased L/D ratio, incrensed femur lengthibody weight, decreased cortical thickness, increased diameter/cortiea!
thickness rutlo, thinned and distorted epiphyseal plate, and thickened condylar cartilage in female rats, Some of these changes,
such as in diameter and cortical thickness, wete pronounced in the early stages of the study for both sexes (Le,, up to 4 wka), after
which the effects were greatly reduced in females, The rotation controls (1.05 G) exhiblted opposite changes to the centrifuged
rats in that they exhibited increased fomoral length, increased L/D ratio, decreased diameter/cortica) thickness ratlo, and ace
celerated osification of femoral head; similarly, the 1.03 G rats showed a reduced femoral diameter as did the 2 G rata, In addi-
tion to the sexually dimorphic response of theae rats, with the females being more severely affected than males in many (not all)
skelutal areas by hypergravity, Smith stated that rotation und hypergravity produce opposite effects un growing animals, with the
former enhancing growth and the latter retarding it; rotation seems to advance the formation of ossification centers while
hypergravity seems 1o dopress the function of the epiphyseal plates, He emphasized that hypergravity and rotation appeur to
have both a qualitative and quantitative difference it young versus adult animals.
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Negulesco and Kossler (1978), continuing the studies with newly hatched Rhode Island Red chicks, reported that 2week-old
chicks exposed to 2 G for 2 weeks developed an increased width of cartilage luyers of the proximal epiphyses and inhibition of
both height and width of the cartilage layers of the distal epiphyaes. In a more recent report on Rhode Island Red fowl, Smith,
Spungler, Burton and Rhode (1979) studied the response of mature males to 6 G /4 min, cight times/day, five timesiweek for 24
weeks, Based on mortality rates, lympnocyte frequency (u stress indicator) und postmurtem findings, they postulated that animals
cun he divided into three categories: a very susceptible group, a moderately tolerant group und a ruther resistant group, with the
first group showing the most severe lymphopenia, morbidity, pathology, mortality and lurge hody mass. This indicates that the
same animal species are heterogenous in their response to repeated accelerations,

v A histomorphometric study on bone remodeling in 3-week-old female rats exposed to 2 G for u total of 18 days was reported

‘ recently by Nogues and Peuchmaur (1980). Following centrifugation, all bones were measured, growing curtliage was studied on
decalcified sections, and histomorphometric and histodynamie (tetracycline fixation) studies were conducted on calcified sections
hy analyzing six bone parameters (e.g., bone volume, relative osteoid surface, mean osteacyte lacunae surfaces, resorption
lacunae, etc.) The major changes noted were a shortening of femurs associated with growth cartilage alterations, a decrease in
bone volume without an increase in osteocytic activity, and (by tetracycline fluraescent analysls) a reduced appositional rate in
bone. The bone remodeling/equllibrium reaults, in which there were deficient bone formation (appurently due to slower osteos
blastic activity) and little if any bone hyperresorption, were in disagreement with the ‘‘classical blomechanics datu according 1o
which reduced bone mass is a reaponse to reduced mechanical force and inversely.” The histodynamie, equilibrium and other
changea observed in this study that were in opposite directions reflect that numerous factors are involved in hypergravity effects
on bone remodeling. In this regard, e.g., S. D. Smith (1975, 1977) pointed out that rotation muy be important also at leam
qualitatively and tended 10 act in an opposite direction to acceleration, Nogues and Peuchmaur believe further that the osteo-
porosis seen in their centrifuged rats is due primarily to stress acting on ACTH, which, in turn, releases corticosteriod hormones,
for the response s similar to that produced by hyperactive adrenals or cortisone (e.g., opposition to conjugation cariilage devel.
opment, reduced bone formation followed by reduced resorption in trahecular bone firat, and reduced intestinal shaorption of
caleium plus increased urinary caleium excretion). These workers found little or no role played by parathormone. In contrast,
Sannes and Hayes (1975) showed increased parathyroid gland secretory activity in Mongolian gerbils exposed to continuous ac
celeration to 2 G for 60 days. Recently, other hormones have been implicated in hypergravity stress, Fiorindo and Neguleseo
(1980) reported that acceleration on 2-week-old chicks did not affect the growth hormone content of the anterior pituitary, but
markedly reduced the prolactin levels of this gland. Even in the area of calcium levels of centrifuged animals, discrepancy exists,

L Whereas Oyama and Zeitman (1967) reporied that rats centrifuged at 4.7 G for one year showed depressed caleium levels,

' Sannes and Hayes reported no significant calcium change in gerbils centrifuged at 2 G for 60 days; perhaps in the former case

P the hypergravity was excessive. It is quite clear from all the above reports that great differences in results, even contradictions,

i exist among the different investigations, To a large extent these differences are due to variations in experimental conditions,

: such as animal species, age and sex, magnitude and duration of acceleration, the dynamic equilibrium state of bune, and the time

frame in which measurements are tuken,

A et RPN Rz T a

—

Although considerable work still remains 10 clarify the hypergravity effects observed ubove in lower animals, there is nothing in
the literature concerning the effecta of prolonged acceleration on the skeletal aystem of higher animals, especially at the
subhuman primate level. This ie unfortunate, for humans are now uecumulnting long exposure time to sccelerative stress winee
the advent of high performance aircraft as discussed in part I of this report. Recently, Carison und Zackrisson (1977) reported
that Swedish flying personnel (average of about 4000 hours), who were examined at 5- and 10-year intervals, exhibited o loss of
, alveolar marginal bone of the mandible, High altitude flying, reduced partial pressure of oxygen, stress and vibration were

-8, suspected as possible causes. It seems propitious now to examine the possible ekeletal effects of prolonged aceeleration on
humans, No previous systematic investigations have been conducted that delineate the influence of ventrifugation on vertebral
bone strength. Part 2 covers the results of biomechanical testing, l.e., axial compressive loading, of the vertebral bodies of the
spines of the two baboona exposed simultaneously to G, acceleration for 6 months, The results were compared to previous
strength values collected on baboons of similar age, weight and sex.

- g o

METHODS
ACCELERATION #
Two young, adult male baboons (1015 kg) were centrifuged simuitaneously to 10 plateaus of 4 G, for 30 seconds separated *
by intervals of 1.5 G, for 45 seconds at the rate of two times per week for 26 weeks, The animal care, preparation, and cen. ;
trifuge experiments were described in part 1. :
TEST SPECIMEN ;
The vertebral columns of the centrifuged baboons {ufter euthanusia) were excised en masse, identified and stored in a E
freeser at —30° centigrade, Thirty-six hours before testing, the vertebral columns were removed from the deep frecze and ]

allowed to partially thaw, Simultaneously, individua! vertebrae were disarticulated from one unother by slicing through the
midsection of the intervertebral disks, the articular capsules were sectioned, and the vertebral budiss were cut away at the
base of the pedicles using a band saw, Each individual vertebral centrum was cleaned of all tissue adhering to its surfuces.
Care was exercised so the surfuce of the cortical bone was not marred. The remains of the intervertebral disk (annulus
fibrosus, nucleus pulposus and cartilaginous end-plate) were carefully removed from the superior and inferior vertebral
body surfaces,
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‘The superior and inferior vertebral bearing surfaces were photographed. The vertebral body bearing areas were determined for
both the superlor and inferior surfaces; using the photographs, the surface area measurements were averaged. The height of the
vertebral centrum was measured, To promote a uniform load distribution, the bearing surfaces of each vertebral centrum were
potted in an acrylic compound. Using dental acrylic resin, the potting produced circular-shaped pots with the specimen located
centrally, The diameter of the pot was subsequently used to locate the center of the specimen coincident with the loading axis of
the test machine. The vertebral centra were placed into the acrylic at both ends, and the entire assembly was placed ina V-
shaped trough to assure that both surfaces were kept parallel and axially lined as previously deseribed (Kazarian and Graves,
1979). The vertebrai centra were wrapped in a towel in Ringer's solution to prevent drying while the acrylic cured,

TEST MACHINE
An electrohydraulic closed loop test machine (Model 810 Material Test System, MTS System Corp., Minneapolis, Minn,) was

used to strain each test specimen (vertebral centrum), The aystem ls centered around an electrohydraulic closed loop test
machine capable of being programed and controlled in load, strain and displacement, With the machine in the displacement
control mode, a linear ramp function was used to strain each test specimen, The imposed time-dependent displacement and the
resultant compression loads were recorded, Ram displacements were measured using a linear varlable differential transformer,
while the specimen reacted against a four-arm bridge strain gauge load cell, A multichannel FM magnetic tape recorder and a
- multichannel transient recorder were used to store the test results, Load and displacement data were stored in the digital

L;'i ; memory of a transient recorder for playhack at reduced speeds into the X.Y recorder, A test fixture chamber was designed for
observing and photographing each test specimen (Kazarian and Graves, 1979),
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STRENGTH VARIABLES

A typical Yoad versus displacement curve is shown in Fig. 6. As the specimen is strexsed from the start, the relationship between
load and displacement is relatively lincar, reflecting the elastic nature of the specimen. Beyond this region, as londing continues,
the specimen becomes less elastic (leas stiff) and deformation changes froni the reversible to irreversible state, A line caleulatey
by & least squares fit of the linear portion (slope) of the elastic section of the load vs. displacement curve is defined as the stiffness
of the specimen, On the curve beyond the apparent linearly increasing elastic section, corresponding to the maximum load value
(where a tangent to the curve becomes parallel to the displacement axis), is the point the distance from which perpendicular to
the abaclssa {s defined as the ultimate {oad; [t is alvo the point where damage 1o the specimen becomes irreversible. The amount
of displacement from zero to where the ultimate lond intersscts the absciusa is displacement to ultimate load. The energy ta ulti.
mate load s defined as the area under the load va, displacement curve, from the point of origin (zero displacement) up to the
ultimate load line. The ultimate engineering stress is computed by dividing the ultimate load by the croas-sectiona’ area of the

specimen,

The yield load differs from the uitimate [oad in that at the ultimate load an apparent structural failure hus occurred within the
specimen; at the yield load, it {s assumed that adverse structural changes are occurring within the specimen but the damage is
reversible. The yield load starts at a point on the load vs. displacemont curve that deviates from the apparent elustic pottion
(stiffness) of the loading curve, For specimens {rom fresh, young primates (non-brittie), a 2% displacement deviation (struin) hun
proved to give satisfactory results, The yield point (on curve) is determined analytically by taking 2% of the specimen pretest
height 2% strain) and shifting the stiffness line to the right; the point at which it intersects the curve Is the yield point. A perpen.
dicular line from the yleld point to the displacement axis is the yield load. The amount of displacement from zero to the yleld
load (a line perpendiculur to the abutisna) s the displacement to yield lond, The yield stress is computed by dividing the yleld

load by the specimen crossaectional area,

SPECIMEN ANALYSIS
The individual vertebral bodies of the spinal columns of the two centrifuged bubonus, F-24 and F-32, were tested from the T1 10

L6 levels and at one compressive luading rate of B.B9 x 10 ! meter/sec (21 inches/min), Since it is reasonable to assume tha difs
ferences between adjscent vertebral bodies are insignificant, the spinal column was apportioned equally to six column positivna,
each composed of three adjacent vertebrae as followa:

Column Posltion Assigned Vertebral Bodies
R - WA ‘.LTTTTTS__“

P2 T4, TS, T6
P3 7, T8, T9
P4 Ti0, T1i, T12
Ps L1, L2, L3
Pé 14, L5, 16

The material properties data of each vertebral body were averaged per column position. A more meaningful comparisan

could be made between experimental conuitions (eentrifuge va. non-centrifuge) when comparing the daw us a function of
column position rather thun individual vertebrul levels, Thus, the centrifuged data were compared with the duta obtained
previously from the four noncentrifuged baboons of the same age, weight and sex,

The non-centrifuged baboon vertebral body specimens were subjected previously to three different loading rates: 0.21, 21
and 2100 inches/min. In order to accomplish this with a single axial compressive load per specimen (centrum), the spect:
mens of all four non-centrifuged baboons were distributed randomly in & multiwpecles vertebral body test matrix, so that
each column position was represented per baboon per loading rate. Thus, cuch column position had at least one of its three
component hodies tested at one of the three rates, For the purpose of this comparative study, only the dat obtuined ut the
sume loading rate as for the centrifuged baboons (21 inches/min) are examined. The non«centrifuged vertebral centra were

randomly distributed In the mairix as follows:

Baboon Column Position
No. P P2 P3 P4 P5 Po
FRT B o O S I L P ¥ D -
F.76 ™ T6 T9 TIO L2 14
F-86 ™ T4 T8 T L1 LS
F-78 T T8 T Thh LI e
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The data from the non-centrifuged baboona were analyzed per column position per animal; then the data from each animal
were combined 1o give an average value for each column position, This average was used to compare with the column posi-
tion average of the two centrifuged baboons. It would have been possible to compare some Individual vertebal levels bet.
ween experimental conditions, but not all because each vertebra of the same non.centrifuged baboon wus not teated at the
same loading rate, a requirement to obtain and compare data for a whole spinal column, Comparing individual vertebrae
between such a amall number of animals is less attractive also because the variability between such few baboons would be
greater than between individual units of the same column or column position.

The following dependent material properties were analyzed first as a function of each vertebral body and then averaged for
each column position per centrifuged baboon, The column position data were next combined to give average values for

both centrifuged subjects.

Dependent Varlables

o Stiffness - N/M

¢ Ultimate Load - N

¢ Displacement to Ultimate Load « M

¢ Ulimate Engineering Stress - PASCALS
¢ Energy to Ultimate Load - JOULES

® Yield Load - N

¢ Displacement to Yield Load - M

¢ Engineering Yield Stress . PASCALS

Each dependent variable (average for the centrifuged haboons) was plotted as a function of column position and compared
graphically to that obtained for the four non-centrifuged baboona. If it is assumed that combining the data from all subjects will
minimize the differences between them, then column position, itself, remains an the only independent variable in the study.

Since there were only twa test baboons in this study, the data were not statistically evaluated, but observed for consistent trends
within the test subjects and hetween the two experimental groups and for determining the direction of further efforts in this

program.

RESULTS AND DISCUSSION

The results are described separately for each of the dependent varinbles. They are evaluated tirst us u function of vertebral body
from T1 to L6 then column position from P1 to P6, and last corapured hetween centrifuged and non-centrifuged baboons, The
individual curves on the centrifuged baboons (F-24 and F.32) are located in the Appendix,

STIFFNESS

Stiffneas gradually increased from the T1 to L6 vertebral levels for Baboons F.24 and F-32, respectively. Fig 7 presents the
average curve for both centrifuged baboons. In terms of column position, stiffness increased from P1 to P6 for the individual
centrifuged baboons; the average curve for both is shown in Fig. 8, This increase in stiffness is expected with increasing
geometry of vertebral centrum from the T1 to the L6 evels of the spinal column. (Stiffneas vy, vertebral level and vs, column

position per centrifuged baboon are found in the Appendix.)

When a comparison was made between the two centrifuged baboons and the four non-centrifuged baboons, the centrifuged
curve was slightly less atiff from P1 to P6, as shown in Fig, 9, This Indicates that the centrifuged vertebrae were lesn resis.
tant (i.e., weaker) to compressive loading than the non.centrifuged vertebrae,

ULTIMATE LOAD
Ultimate load did not increase appreciably between the T1 and ‘T5 levels for either test baboon (see Appendix); from TS to 16,

however, the curves for both haboons increased sharply. The average curve of ultimate lnad vs. vertebral level for both babouns
is shown in Fig. 10, The response in terms of column position, likewise, showed no change between the first two column pusi.
tiuns, but u sharp increase from P2 to P6 for either test haboon (see Appendix), The average ultimate loud va, column position
curve is shown {n Fig. 11.

When ultimate load, or load to fallure, was compared between the two experimenial groups, as shown in Fig, 12, the curve for
the centrifuged baboons is below that of the non-centrifuged babouona, as wan the case with atiffness. Although in both curves
ultimatu load increased with column position, the curve for the centrifuged baboons was flatter, indicating that less load was re-

quired to fail the centrifuged apecimens,
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DISPLACEMENT TO ULTIMATE LOAD

Displacement to ultimate load, or decrease in vertebral centrum height to point of failure, actually decreased at the beginning
from the T1 1o T7 levels, then gradually increused from T7 to L6 in each of the two test babouns, The average curve of displuce.
ment to ultimate load as a function of vertebral level for both centrifuged animals Is shown in Fig. 13; the curve shows in purt a
diphasic response: a decrease to the T7 level followed by an increase to the L6 level. When the response was compured as a fune-
tion of column position, each test baboon showed a decrease from P1 to P2 position, followed by au increuse from P3 to P6. This
is evident in Fig. 14, where the average data for both baboons were plotted va. column position, The diaphasic response reflects
in part no change in ultimate load between the first two column positions (Fig. 11).

When displacement to ultimate load was compared between the centrifuged and non.centrifuged baboons, as shown in Fig, 15,
the curve for the centrifuged baboons wus slightly less (lower and flatter) than for the non-centeifuged habouons, especially from
the P2 1o P6 column positions, somewhat similar to ultimate load. The trend indicated again that less load was required to per.
munently damage the centrifuged specimens.

ULTIMATE ENGINEERING STRESS

The response of ultimate engineering stress, or force per unit area, as a function of vertebral level was not very clear or as up-
parent as the ubove variubles. Each centrifuged baboon showed a response that decreased from T1 to T2, then Increased from
120 T3, followed by a sharp decrease to T4; the curve leveled off and gradually decreased from T4 to L6 in one test animal
(F-32), but increused up to T9 then decreased to L6 in the other (F-24). The average response for both baboons (Fig. 16) showed
the curve 1o decreane from T1 to T2, then increase to T3, followed by a sharp decline from T3 to T4, which gradually built up (in-
cteased) to u small peak at T9; from T9 to L6 there was a grudual decrease in stress, When the data were evaluated in teema of
column position, ultimate engineering stress showed a decrease from Pl to P2 in each of the centrifuged animals, However, in
F-24, it increased from P2 to P3 and then dropped sharply from P3 to P6; whereus in F-32, the response showed a leveling off
and gradual decline from P3 to P6. When the combined data were plotted va, column posltion, the curve (Fig. 17) showed u sharp
drop from P1 to P2, followed by a slight increase at P3; the stress was sharply decreased from P3 1o P6,

When ultimate engineering stress ve, column position was compared between the two experimental groups, the curve for the con-

trifuged bahoons was lower than for the nun-centrifuged baboona, as seen in Fig. 18, The apparent trend indicates that the force
per unit urea was lean for the centrifuged vertebrae, If it in assumed that the average vertebral body arcas were relatively the
same between column positions in both experimental groups, this response would be reflected in the ultimate load being lews in
the centrifuged than non-centrifuged animals,
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ENERQY TO ULTIMATE LOAD

Energy to ultimate load tended to decrease ut the upper thoracic levels from T1 to T4 or TS5, but generally increased
thereafter to the L6 leve! for either centrifuged baboon. The average curve for both babouns (Fig. 19) showed this initial
decreuse, followed by a gradual increase as vertebral level increased 1o L6, The energy vs. column position curve showed o
decrease from Pl to P2 followed by an increase from P2 1o P6; the latter incresse was gradual for Baboon F.24 and more
abrupt for Baboon F-32 with increasing vertebrai level, The average curve for buth babouns (Fig. 20) shawed u deereuse
between the first two column positions followed by a steady increase from P2 10 P6,

When the energy to ultimate load vs. columti position was compared between centrifuged and non-centrifuged animals, us shown
in Fig. 21, the average curve for the two centrifuged baboons was lower and flatter than the not-centrifuged animals; thus, the ef-
fect was not as prominent for the test animals. The wrend observed indicates that less energy war required to fail or permanently

damage the centrifuged vertebrae,

YIELD LOAD
The yleld load showed in general a gradual increase from T1 to L6 for either test baboon, The average curve for both haboons

(Fig. 22) showed a gradusl increase of yield load ae a function of vertebral level, In terms of column ponition, the yield load in-
creased steadily from P1 1o P6; the average curve for both baboons showing this gradual increase of yleld load v, column posi-

tion is shown in Fig, 23.

When yield load va. column position was compared between the two centrifuged and four non-centrifuged babioons, the curve for
the centrifuged animals was lower than that for the non-cenirifuged ones, an seen in Fig, 24, This response is puralicl 1o that for
ultimate load and reflects here that less Joad was required 1o cause reversible dumuge 10 the centrifuged specimens.

DISPLACEMENT TO YIELD LOAD

The reaponse of displacement to yleld load ve, vertebral level was not very clear ur consistent except (o show u slight tendency to
increase with increasing vertebral fevol for either test baboon, The average displucement 1o yield curve for both buboons is
shown in Fig, 25. When displacement was evaluated in terms of ealumn position, one babuon (F-24) showed u consistent increase
with column position that was more apparent than in the case of the other baboon (F-32). The average displacement 1o yleld
curve (Fig. 26) reflects this inconsistency, but generally indicates a trend of increasing displacement to yield with increasing col-

umn position.
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Figure 10. Ultimate Load vs. Vertebral Lavel for Centrifuged Baboons,
19

LA

-y

PN




,f,‘_"'.'.'l..E‘.“.ﬁﬁ'i’..‘;‘j{?‘.-!‘f‘iiil‘fﬁ’n‘.‘.‘.‘ Jperiioa g '-’W L
© ey SRR . [ .fﬂtff-t?mﬁgw?:&.‘iiif .

.6 v

‘Oo b
: 8.8+
8.0
4.8+
! 4.0
1 3.8+

—r
h PR P K
COLUMN POSITION

s A i R R DR R T

ERCLRN T

i

ULTIMATE LOAD (BODY) (N)x103

Figure 11, Ultimate Load vs, Column Position for Centrifuged Baboons,

‘.‘
‘ l‘ -
-
4
Q 1.0- 1
g 0.0+ .
3 1
0.8 g
g i
é 0-4 - 3
| — !
0.2+ b
°o° - T \J LI L ¥ ¥
LT TR T T "
COLUMN POSITION ]
;
Figure 12, Comparison of Ultimate Load v, Column Position betwesn Centrifuged (C) and Non-centrifuged (N) Baboons, :

20




AT P LAY T Dt

v g e ey

;I
2
4.4
4.0-
8.0-

TTIITAN e s N e T R i eve Hd sl f Sl
! . R b - gl § St

1\ -

-
-
~

TY T2 T8 T4 T6 T6 T7 T8 TO TIOTMTI2LY L2 LS L4 LS LO
VERTEBRAL LEVEL

DISPLACEMENT TO ULTIMATE LOAD (BODY)(M)x10 >

Figure 13. Displacement to Ultimate Load vs. Vertehral Level for Centrifuged Baboona,

—

3.3+

8.1

2.7+

TO ULTRMATE LOAD (BODY) (M)x10 ™3

2.3-

2.1

‘o. — T v L T
P Ry Ry B By R
COLUMN POBITION

Figure 14. Displacement to Ultimate Load vs. Column Position fur Centrifuged Baboons,

2

\ . .

..
Yl et e e - o . )
SRR IR L U S L S ST AT RTINS TRy A i i S L VR Y J
SR INCINERE W ES QT

o o St - - -y,

g

o

!

e
o

o

¥

i
|-




R S

e

i 23

RS

S T N B Rt R I T g T X LT R P (YRR

When the centrifuged versus non-centrifuged displacement to yleld load curves were compared, as shown in Fig, 27, the dif.
ference was not too apparent, The centrifuged curve was slightly lower than the non-centrifuged one for most of the column posi
tions (except P4), thus showing a trend similar to that observed for displacement to ultimate load above.

ENGINEERING YIELD STRESS

The response of engineering vield stress vs, vertebral level was erratic (up-down-up) from T1 1o T9, then tended to decrease from
T9 to L6 for both test baboons. The average yield stress curve reflects thia response, as shown in Fig. 28. The yield stress va, col.
umn position curve was different for both centrifuged animals from P1 to P3; however, both animals showed a deerease in yield
stress from P3 to P6. This is evident in Fig. 29, which is the average curve of yield siress va, column position for both test

baboans,

When engineering yield stress was compared between the two test baboons aud the fuur non-centrifuged baboons, both cutves
(Fig. 30) showed little change from P1 to P3 followed by u decrease from P3 to P6, However, the curve for the centrifuged ba-
boons was lower than that for the non-centrifuged animals. As with ultimate engineering stress, the apparent trend indicates that
the force per unit area was less for the centrifuged vertebrae,
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Figure 18, Comparison of Displacement to Ultimate Load vs. Column Position between Centrifuged (C) and Non-ventrifuged (N)
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QENERAL COMMENTS

Although the results of the mechanical strength tests were not conclusive for any of the material properties considered, there was
u consistent trend indicating a weakening effect on the vertebrae of the babouns expased to this acceleration stress during o
26-week period. This preliminary study makes it feasible to repeat the experiment using more gnimals under better controlled

canditions s0 as to determine if the spinal vertebral changes due to prolonged acceleration are reproducible and statisticaily
significant,
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Figure 55, Displacement to Yield Load vs. Vertebral Level: Baboon F-24.
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Figure 56, Displacoment to Yield Load va. Vertebral Level: Baboon F.32.
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Figure 57, Displacement to Yield Load va. Column Position: Baboon F-24,
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Figure 88. Displacement to Yield Load va, Column Position: Baboon F-32.
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Figure 59. Engineering Yield Stress vs. Vertebral Level: Baboon F.24.
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Figure 60, Engineering Yield Stress vs, Vertobral Level: Baboon F.32.
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